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I. INTRODUCTION
The hydroxyl radicalOH is among the most extensively studied diatomic radicals. Early i~terest in the spectrum of OH was inspired by its appearance in flames, explosions, and shocks. A knowledge of the structure of the OH bands and the availability of certain band constants are of great importance for temperature measurements, as well as for a general exploration of the physical conditions, in these sources. A detailed analYSis of the OR bands in the wavelength region 2800-3500 A was presented by Dieke and Crosswhite first in a Bumblebee Series Report 1 in 1948, and later in the open nterature 2 in 1962. All of the bands considered by Dieke and Crosswhite belong to one electronic tranSition, that between theX 2 II and the A2~+ states. Later spectroscopic studies S have resulted in refined values for the energy levels and spectroscopic constants. However, the analysis and classification of the band structure presented by Dieke and Crosswhite still remain valid.
Recently, the emission spectrum of OR has been detected both in astrophysical sources and in the atmosphere. This led to a renewed interest in the OH spectrum, focused on electronic, vibrational, and rotational transition probabilities. A knowledge of these transition probabilities is essential for the deduction of internal state populations through emission intenSities, as well as for the theoretical determination of rates for a number of important photochemical processes.
In this series of two papers we present accurate, theoretical calculations on theX2II and A2~+ states of OH. Paper I deals with the calculation of the electronic wavefunctions, calculated potential curves, and one-electron properties. Paper n presents calculated dipole transition moments and electronic transition probabilities.
The method used to obtain the potential, one-electron property and electronic tranSition moment curves has been shown to give accurate results for a number of molecular systems, including CH+, 4 LiO, 5 AlO, 5 and CH. 6 In particular, the calculated transition probabilities appear to be comparable in accuracy to, or even more reliable than, the best available experimental resuIts. A description of the configuration interaction (CI) method used for the electronic wavefunction calculation is given in Sec. n. Results and discussions are presented in Sec. m.
II. CALCULATIONS

A. Electronic wavefunction
Approximations to the Born-Oppenheimer electronic wavefunctions and energies are calculated using the configuration interaction (CI) method. The wavefunction of a desired electronic state is expanded in an n-particle basis set of orthonormal configuration state functions (CSF). Each CSF is a linear combination of Slater determinants (SD) such that it has the symmetry and multiplicity characteristics possessed by the desired state. The SD's are built from an orthonormal one-particle basiS set of symmetry and equivalence restricted spatial orbitals. The spatial orbitals are expanded in terms of a set of symmetry-adapted elementary basis functlOns. In what fOllows, we describe the choice of the elementary basis and the construction of the one-and n-particle bases for our calculation on OH.
The elementary basis set, made up of Slater~type functions (STF) centered at the atomic nuclei, is given in Table I . There are six s-, four P-, three d-, and one f functions on the oxygen atom, and four s-, three P-, and two d functions on the hydrogen atom. The sp basis on oxygen is taken from Clementi's SCF calculation on 0-,1 with one additional diffused 2s function, ~ == 1. 41. The reason for using a basis set optimized for the negative ion is that both the X 211 andA2~+ states of OH have dipole moments in the direction O-H+. Three of the polarization functions on oxygen are chosen such that they are mainly localized in the L shell. These polarization functions are appropriate for describing the distortion of the oxygen atomic orbitals in the molecular field and the change in atomic correlation as a function of internuclear separation. One additional 3d function with ~ == 1.15, optimized for the self-consistent-field (SCF) polarizabilities of the oxygen atom, insures the correct long range behavior of the O-H interaction potentials. The Exponents (bohr-!) 13.224,7.6063 6.3783, 3.1441 The OH baSis set described above is very similar to that used by Hinze and Liu in multi configuration selfconsistent-field (MCSCF) calculations on the valence states of OH. 9 To obtain some indication of the quality of this basis set, SCF energies have been calculated, with the results E(x2rr, R = 1. 795 bohr) = -75. 42154 hartree and E(A2~+, R = 1. 912 bohr) = -75. 26624 hartree. These are to be compared with the previously best SCF energies, 10 at cor-responding internuclear distances, of -75. 42127 and -75. 26553 hartree, respectively. Since this basis set is used in CI calculations, limited optimization of the d-and f functions has been carried out with respect to CI total energies. In all cases examined, the maximum energy improvement is less than 0.001 hartree, with attendant change in the calculated binding energy of less than O. 0005 hartree.
The construction of the one-and n-particle basis sets follows closely the procedure used by Lie, Hinze, and Liu 6a in calculations on the valence states of CH. This procedure begins with a MCSCF calculation, involving a small number of CSF's, chosen to give a qualitatively correct potential curve for the range of internuclear distances under consideration. The first order RayleighSchr~dinger perturbation theory is used, with this MCSCF wavefunction as a zeroth order wavefunction, to select classes of CSF's that form the n-particle basis for an extended CI calculation. In this CI calculation, the CSF's are constructed from approximate natural orbitals (NO) obtained also with the aid of perturbation theory. The use of these NO's permits a severe truncation of the one-particle baSiS, and consequently a very Significant reduction of the dimension of the n-particle space, with only small loss to the calculated energies. Details of this procedure are given below.
The one-particle space is partitioned into three subspaces: the core space, the internal space, and the external space. The core space contains a single orbital, la, which correlates with the 1s orbital of the oxygen atom. The internal space is spanned by three aand one 1T orbitals, 2a, 3a, 4a, and 11T, which correlate with the 28 and 2p orbitals of oxygen atom and the 1s orbital of hydrogen. The external space is the remainder of the one-particle space spanned by the one-particle basiS set. The core and internal orbitals are determined by MCSCF calculations on a small number of CSF's:
The first CSF in each of these lists is the Hartree-Fock CSF. The other CSF' s are necessary for proper descriptions of the separated atom limits and for qualitati vely correct potential curves for all internuclear distances. These CSF's, called reference CSF's, play an important role in selecting CSF's for the extended CI calculation.
The n-particle basiS for the extended CI calculation includes only CSF's with a doubly occupied 1a orbital. This neglect of all correlation effects connected with the 1a electrons is reasonable, because they remain essentially unchanged during molecular formation. Three types of CSF's are included in the n-particle basis: (a) valence CSF's-all CSF's arising from distributing seven valence electrons among the four internal orbitals; (b) all CSF's arising from distributing six valence electrons in the internal orbitals and one electron in external orbitals; (c) All CSF's arising from distributing five valence electrons in the internal orbitals and two in the external orbitals, with the additional constraint that only CSF's that have nonzero Hamiltonian matrix elements with at least one of the reference CSF's are allowed.
These three types together include all CSF's that appear in the first order Rayleigh-Schr~dinger perturbation wavefunction, if the zeroth order wavefunction is constructed from the "reference CSF's." A detailed discussion of CSF selection based on perturbation theory has been given by McLean and Liu. 11 The actual calculation for each point on the potential curves of OH is carried out in four steps:
(1) an MCSCF calculation on the reference CSF's;
(2) a CI calculation including all CSF's of type (a), constructed from the MCSCF occupied orbitals; (3) a first-order Rayleigh-SchrOdinger perturbation calculation using the CI wavefunction obtained in step (2) as the zeroth order approximation. The first-order wavefunction is expanded in an n-particle basis set which includes all CSF's of type (c) that can be constructed from the full set of MCSCF occupied and virtual orbitals. This is followed by the extraction of NO's from the resultant wavefunction, the sum of the zeroth and the firstorder wavefunctions; (4) the NO's obtained in step (3) are ordered by symmetry and decreasing occupation numbers and truncated to 12u-, 91T-, 66-, and 1cp-type orbitals. The final CI calculation includes all CSF's oftypes (a), (b), and (c) that can be constructed from this truncated one-particle basis.
The n-particle basis sets for the final CI calculations contain 7311 and 3965 CSF's for the x 2 rr and A2L;+ states, respectively.
The CI wavefunctions are used to calculate expectation values for a number of one-electron operators and the dipole transition moment between theX 2 rr and A2L;+ states.
The MCSCF calculations described here were performed using a computer program developed by J. Hinze. All other calculations were performed using ALCHEMY, a system of programs for the calculation of molecular wavefunctions developed by P. S. Bagus, B. Liu, A. D. McLean, and M. Yoshimine.
B. Nuclear wavefunction and spectroscopic constants
In the Born-Oppenheimer approximation, the total wavefunction of a diatomic molecule is written as a product of electronic and nuclear wavefunctions. The nuclear wavefunction is a solution of the Schr6dinger equation for nuclear motions, in which the electronic energy as a function of R appears as the potential energy operator. For a diatomic molecule, a further assumption of separability of the radial and angular dependence of the nuclear wavefunction permits the explicit solution of the rotational eigenvalue problem and leaves a radial Schr6dinger equation for nuclear vibration, which contains both the electronic and rotational eigenenergies as potential energy operators. However, in this work we have neglected all interactions with electronic spin, in which case the solutions to the radial Schr6dinger equation is, for all practical purposes, unaffected by the assumption of coupling cases.
The energy levels EvoN can be expressed as
The spectroscopic constants G v , B v , and Dv can be determined by a least square fit procedure, using calculated E vN • Experience shows that the values of these constants depend little on the number of rotational levelS used in the least square fit. These constants, as functions of v, can again be expanded as (2) and (3) The spectroscopic constants we, "'eXe, Be> and a e can again be obtained by a least square fit. However, in these cases, the spectroscopic constants vary significantly with the number of vibrational levels used in the least square fit. In this work, care has been taken to use the same number of vibrational levels for obtaining these spectroscopic constants, as in their experimental determination. This is the only way to achieve a meaningful comparison between theory and experiment.
The vibrational wavefunctions described above are obtained by numerical integration of the radial Schr6-dinger equation. These wavefunctions are used to obtain vibrational averages for a number of observable properties. The computer program used for these calculations were developed by K. Docken and J. Hinze and modified by B. Liu.
III. RESULTS AND DISCUSSION
A. Potential curves and spectroscopic constants
The calculated MCSCF and CI potential curves for the x2rr andA 2 L;+ state of OH are presented in Table II . The CI potential curves are also shown in Fig. 1 .
Five pOints around the computed energy minimum of each CI potential curve were fitted to a cubic polynomial using the least square method. The resulting analytical formulas were used to determine the equilibrium internuclear separations and the 'potential minima. Table m gives the calculated potential minimum E m1n , equilibrium internuclear separation R e , dissociation energy De, tetm energy T e , and term energy at the separated-atom limit. Experimental values are given in parenthesis for comparison.
The calculated Re differ from experimental results by 0.007 bohr. Calculations on CH 6a and HF, 12 using the same CI procedure, have yielded Re within O. 002 and 0.005 bohr, respectively, of known experimental results. It seems safe to assume that the CI procedure adopted for these calculations are capable of predicting equilibrium internuclear distances for the valence state of the hydrides of first row atoms to within 0.01 bohr. 47, 1945 (1969) . ·Obtained from spectroscopic constants given in G. Herzberg, (Van Nostrand, New York, 1950 ·RKR results given by R. J. Fallon, 1. Tobias, and J. T. Vanderslice, J. Chern. Phys. 34, 167 (1961) . dobtained from the zero pOint energies of OH and the difference between the zero point energies of OH and OD given by C. Carlore and F. W. Dalby, Can. J. Phys. 47, 1945 (1969 .
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-Taken from P. G. Wilkinson's compilation [Astrophys. J. 138, 778 (1963) , Table I , plus annotation]. fC. Carlone and F. W. Dalby, Can. J. Phys. 47, 1945 (1969) . &obtained from Do(OH) and the zero pOint energies of OH and OD. bobtained from experimental T. (see Table III ) and zero point energies. Chern. Phys. 57, 1123 Phys. 57, (1972 . ·W. J. Stevens, G. Das, A. C. Wahl, M. Krauss, and D. Neumann (unpublished) . ' Taken from Tables IV and VI. experimental values, and the calculated Dv are within 1
x 10-4 cm-1 of experimental values.
In deriving the equilibrium spectroscopic constants we and weXe, we have used only the v = 0 and v = 1 vibrational levels, as was done in their experimental determination. This is essential for a meaningful comparison, because these constants vary strongly with the number of vibrational levels used in their derivation. The variation can be as much as 100 cm-1 for we and 20 cm- quadrupole moments with respect to the center of mass of OH, Q, and electric field gradient at the oxygen and hydrogen nuclei, qo and qH, as functions of R. The dipole moment curves are also shown in Fig. 2 .
In the calculation of these properties, the molecular axis has been taken as the z axis. Only nonzero components of the dipole vector and the quadrupole moments and electric fieW gradient tensors are given. A possible explanation for this discrepancy is that the maximum in the calculated dipole curve (Fig. 2) is too low, and/or occurs at too small an internuclear separation. The ove dipole curve has a somewhat higher (-0. I D) maximum. We have estimated an upper bound to isotope effect of ~ O. 003 D for this dipole curve, USing an R-centroid approximation. Similarly, estimates based on an empirical dipole curve, 16 obtained from vibrational transition data, also failed to produce isotope effects of more than 0.005 D. ThUS, assuming the correctness of the experimental data of Meerts and Dymanus, it seems likely that the difference between the dipole moments of OH and OD is not entirely due to vibrational effects. An explanation for this discrepancy may lie in the failure of the Born-Oppenheimer apprOXimation, which has not been considered in the theoretical calculations nor in the interpretation of experimental data.
The vibrationally averaged dipole moments for the 
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